Abstract. In this study, solid lipid nanoparticles (SLNs) were successfully prepared by an ultrasonic and high-pressure homogenization method to improve the oral bioavailability of the poorly water-soluble drug cryptotanshinone (CTS). The particle size and distribution, drug loading capacity, drug entrapment efficiency, zeta potential, and long-term physical stability of the SLNs were characterized in detail. A pharmacokinetic study was conducted in rats after oral administration of CTS in different SLNs, and it was found that the relative bioavailability of CTS in the SLNs was significantly increased compared with that of a CTS-suspension. The incorporation of CTS in SLNs also markedly changes the metabolism behavior of CTS to tanshinone IIA. These results indicate that CTS absorption is enhanced significantly by employing SLN formulations, and SLNs represent a powerful approach for improving the oral absorption of poorly soluble drugs.
INTRODUCTION
It has been reported that many newly discovered drug candidates are poorly water-soluble. A lot of failures in new drug development have been attributed to poor biopharmaceutical properties, including water insolubility. Poor water solubility leads to ineffective absorption in the site of administration, which has been designated as one of the important factors attributed to the high clinical failure. Attempts to solve the solubility problem and improve oral absorption have been investigated in many recent studies (1) (2) (3) (4) (5) (6) . One of the promising approaches for enhancing the oral bioavailability of poorly soluble drugs is the incorporation of these drugs in solid lipid nanoparticles (SLNs; [7] [8] [9] .
SLNs offer an attractive means of drug delivery, particularly for poorly water-soluble drugs. SLNs are in the submicron size range, and they are composed of physiologically tolerated lipid components, which at room temperature remains in the solid state (10) . SLNs combine the advantages of polymeric nanoparticles, fat emulsions, and liposomes (11) . Our previous research showed that SLNs can enhance the absorption and bioavailability of all-trans-retinoic acid (12) .
When all-trans-retinoic acid was loaded into SLNs, the oral bioavailability in rats was increased four-to fivefold compared with that of suspension. The mechanisms of enhanced oral absorption in ATRA-SLNs are mainly attributed in reduction in the particles size and the lipid protection of the drug from chemicals as well as enzymatic degradation.
Danshen, a traditional Chinese medicine, derived from the dried roots of Salvia miltiorrhiza Bunge, have been extensively used for the treatment of many kinds of disease, such as coronary heart disease and hyperlipidemia, stroke, hepatitis, and chronic renal failure (13) . Cryptotanshinone (CTS; Fig. 1 ) is the major active ingredient of danshen. Preclinical studies have shown that CTS possesses multiple pharmacological activities including anti-inflammation, cytotoxic, anti-bacterial, anti-parasite, anti-angiogenic, and antioxidative effects (14) (15) (16) (17) (18) . It exhibits inhibitory effects on chemotactic migration in macrophages, tumor necrosis factorinduced matrix metalloproteinase-9 production, interleukin-12 and interferon-production, and mast cell degranulation (14) .
In spite of the attractive biological activities, CTS presents a poor oral bioavailability due to its extremely low water solubility. The absolute oral bioavailability of CTS is only about 2% in rats (19) . The low oral bioavailability decreases its clinical effect. To improve the oral bioavailability of CTS, CTS-loaded solid lipid nanoparticles (CTS-SLNs) were successfully developed, and the physicochemical characteristics were investigated. The oral bioavailability of CTS-SLNs was compared with that in a suspension to assess the feasibility of SLN to enhance the oral bioavailability of CTS. CTS was rapidly metabolized to its active metabolite tanshinone IIA (20, 21) . The effect of SLNs on the metabolism change of CTS was also studied. The absorption mechanism of the SLNs was discussed.
MATERIALS AND METHODS

Materials
Soy lecithin was provided by TaiWei Pharmaceutical Co. (Shanghai, China). Tween 80 was bought from Beijing Yili Fine Chemicals Co. Ltd. (Beijing, China). Sodium dehydrocholate (SD) was obtained from Sigma Co. Ltd. (Shanghai, China). We extracted CTS ourselves based on the method reported (22) , with a purity higher than 94.6% by high performance liquid chromatography (HPLC). Glyceryl monostearate was purchased from Tianjin kemio Chemical Reagent Exploitation Center (Tianjin, China). Compritol 888 ATO was bought from Gattefosse Co. (Shanghai, China). All other chemicals were of analytical grade. Tanshinone IIA, CTS, and diazepam standard (internal standard) were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China).
Preparation of CTS-SLNs
CTS-SLNs were prepared with an ultrasonic and highpressure homogenization method. The optimal formulation containing 0.25 g of CTS, 3.0 g soy lecithin, and 3.0 g lipid matrix were dissolved completely in absolute alcohol in a water bath at 80°C to obtain a clear melting organic phase. One gram Tween 80 and desired amounts of SD were dissolved in 50 ml water and then heated to 80°C which was then used as a water phase. The water phase was added dropwise to the organic phase with magnetic stirring for 5 min, and then coarse premix was subjected to ultrasonic treatment for 10 min using a high-intensity probe ultrasonicator at 80°C. After the organic solvent had completely evaporated, the coarse emulsion was passed through a highpressure homogenizer at 800 bar for three homogenization cycles. The dispersions were immediately filtered through a 0.45-μm membrane, and the final volume was adjusted to 100 ml with distilled water, stored at 4±2°C. CTS-SLNs obtained using glyceryl monostearate and Compritol 888 ATO as lipid matrix were abbreviated as GMS-SLNs and CP-SLNs, respectively.
Particle Size and Zeta Potential
The morphology of CTS-SLNs was examined using a transmission electron microscopy (TEM, JEM-1200EX, and JEOL, Tokyo, Japan). After dilution with doubly distilled water, the samples were negatively stained with 2% (w/v) osmium tetroxide for observation.
The particle size of CTS-SLNs was measured by photon correlation spectroscopy using a NICOMP particle sizing system (CW380, Santa Barbara, CA, USA) at a fixed angle of 90°and at a temperature of 25°C. The particle size analysis data were evaluated using the volume distribution. Zeta potential measurements were operated using the same instrument at electrical field strength of 10 v/cm and at the same temperature. Prior to measurement, SLN dispersions were diluted 20-fold and 50-fold with the original dispersion preparation medium for size determination and zeta potential measurements, respectively. All the measurements were performed in triplicate.
Drug Encapsulation Efficiency and Drug Loading
The SLNs were dissolved in methanol to preferentially precipitate the lipid. After centrifugation (4,000 rpm for 15 min), the drug content in the supernatant was measured by HPLC analysis using a HPLC pump (L-7100, Hitachi) and a UV-Vis detector (L-7420, Hitachi, Japan) with a C18 reverse phase column (Diamonsil TM 5 μ C18, 200×4.6 mm, Beijing, China). The mobile phase composed of acetonitrile and water (80:20, v/v) at a flow rate of 1 mL/min, and the effluent was monitored at 270 nm.
The SLNs were subjected to ultracentrifugation (Hitachi CS120GXL Micro Ultracentrifuge, Japan) at 60,000 rpm for 4 h at 4°C in vacuum. The supernatant containing the free drug was withdrawn for HPLC analysis as described above. The precipitate in the ultracentrifuge tube was desiccated to give an exact weight.
The equations for the drug content and entrapment efficiency are as follows:
Drug content % w=w ð Þ¼ amount of CTS in SLNs weight of SLNs Â 100 ð1Þ
In Vitro Release Studies
In vitro release studies were performed by using the dialysis bag method. Distilled water was used as dissolution medium. The dialysis bag (molecular weight cutoff 10,000-12,000 Da) could retain nanoparticles and allow the diffusion of free drug into dissolution media. The bags were soaked in ionized water for 12 h before use. A 1-ml SLN dispersion was poured into the bag with the two ends fixed by clamps. The bags were placed in a conical flask and 10 ml dissolution media was added. The conical flasks were placed into a thermostatic shaker at 37°C and 50 strokes per minute. At 1, 2, 4, 6, 8, 12, 24, 48, 72 h after test, the medium in the conical flask was completely removed for analysis and fresh dialysis medium was then added to maintain sink conditions. The drug contents in samples were analyzed by the HPLC method mentioned above. All the operations were carried out in triplicate. 
Storage Stability
The CTS-SLNs were studied for stability at 4±2°C. These formulations were determined at regular time intervals for any change in particle size, zeta potential, and drug content.
Pharmacokinetic Studies in Rats
Healthy male Sprague-Dawley rats (250±20 g) were supplied from the Laboratory Animal Center of Hebei University. Prior to use, the rats were kept in a temperature and humidity controlled animal observation room (25°C, 55-60% air humidity). All animal experiments complied with the requirements of the National Act of the People's Republic of China on the use of experimental animals. All rats were kept for overnight fasting but allowed free access to water. The rats were orally administrated at a drug single dose of 16 mg/ kg of GMS-SLNs, CP-SLNs, and CTS-suspension, respectively. About 0.3 ml of blood samples via the jugular vein were collected into 1.0-ml heparinized tubes immediately at 0, 0.25, 0.5, 1, 2, 4, 6, 8, and 12 h after administration. Samples were centrifuged immediately to separate plasma 0.1 ml, which were stored at −20°C until analysis.
The plasma concentrations of CTS and tanshinone IIA were simultaneously determined by liquid chromatography/ tandem mass spectrometry (LC-MS/MS) previously reported (23) . Briefly, an aliquot of 0.1 ml plasma was mixed with 10 μl diazepam methanol solution (internal standard) and 0.4 ml ethyl acetate. The samples were vortex-mixed for 3 min and centrifuged at 3,000×g for 10 min. The organic portion was separated and evaporated to dryness under a gentle stream of nitrogen at 40°C. The residues were then reconstituted in 100 μl acetonitrile followed by centrifugation at 3,000×g for 10 min before LC-MS/MS analysis. An aliquot (10 μl) was injected for analysis.
The area under the concentration-time curve from time zero to time t (AUC0−t) was calculated using the trapezoidal method. Peak concentration (Cmax) and time of peak concentration were obtained directly from the individual plasma concentration-time profiles. The area from time zero to infinity was calculated by: AUC0−∞=AUC0−t+Ct/Ke, where Ct is the CTS concentration observed at last time, and Ke is the apparent elimination rate constant obtained from the terminal slope of the individual plasma concentration-time curves after logarithmic transformation of the plasma concentration values and application of linear regression. The relative bioavailability Fr at infinity at the same dose was calculated as: Fr= AUC SLN , 0−∞/AUCsus, 0−∞.
Statistical Analysis
The data obtained from the release rate and pharmacokinetic parameters were analyzed statistically by ANOVA; a value of P<0.05 was used to determine significance.
RESULTS
Formulation Optimism
The specific characteristics of the lipid matrix chosen for SLNs can also have an important effect on the stability, and this should be taken into consideration during formulation screening and development. To investigate the effect of the degree of lipid material on drug absorption, three different lipids, stearic acid, glyceryl monostearate, and Compritol 888 ATO, were employed as a solid lipid matrix to investigate their influence on the drug stability and particle size of SLNs (Table I ). The results indicated that stable formulations were observed with GMS-SLNs and CP-SLNs, respectively. SLNs prepared using stearic acid as a lipid matrix were unstable with flocculation and drug precipitation observed after 5 days of storage. The results indicate that lipid excipients are responsible for the stability of SLNs. In our study, Tween 80, soy lecithin, as well as SD were chosen as emulsifiers to stabilize SLNs. It was found that soy lecithin was an important factor under our operation conditions and without it the drug readily separated out from drug-loaded SLNs 
Characterization of SLNs
TEM shows that the particles had round and uniform shapes. The mean diameters of GMS-SLNs and CP-SLNs were 121.4±6.3 nm, 137.5±7.1 nm, respectively. The zeta potential of GMS-SLNs and CP-SLNs were −25.2±1.3 mV, −27.6±1.2 mV, respectively. SLNs were found to be more stable after 6 months of storage at 4±2°C, no dramatic increase in the size of GMSSLNs and CP-SLNs occurred (Table II) . Figure 2 shows the cumulative percent release of CTS from CP-SLNs and GMS-SLNs. Both formulations exhibited a controlled release with <40% drug released up to 72 h. The percentage of CTS released from SLN formulations up to 72 h was 25.87% with CP-SLNs and 37.56 % with GMSSLNs. The drug release was affected by nature of the lipid matrix. It was clear that CP had more sustained release than the GMS. From the release profiles, it was found that these SLN resembled the drug-enriched core model. In such a model, the drug-enriched core is surrounded by a practically drug-free lipid shell (24) . Due to the increased diffusional distance and hindering effects by the surrounding solid lipid shell, the drug has a sustained release profile. 
In Vitro Drug Release
Pharmacokinetics Studies
In this study, good linearity was obtained from 0.2 to 100 ng/ml for CTS and from 0.5 to 50 ng/ml for tanshinone IIA. The lower limit of quantifications for CTS and tanshinone IIA were 0.2 and 0.5 ng/ml, respectively. The recovery of CTS from plasma at the three concentrations (1.0, 10.0, and 100 ng/ml) ranged from 81.2% to 93.8%. The recovery of tanshinone IIA from plasma at the three concentrations (1.0, 10.0, and 50 ng/ml) ranged from 83.4% to 91.7%. The pharmacokinetic parameters could be described using noncompartmental model (Table II) , and the pharmacokinetic profiles are shown in Fig. 3 . In this study, the GMS-SLNs and CP-SLNs resulted in higher Cmax (49.82 and 53.68 μg/ml, respectively.) of CTS as compared with the CTS-suspension that showed a lower Cmax (20.89 μg/ml). The AUC0−∞ of CTS after oral administration of GMS-SLNs (187.9 ± 13.7 ng·h·mL -1 ) and CP-SLNs (209.5±17.2 ng·h·mL -1 ) were 1.86 and 2.05 times higher than those obtained with the CTSsuspension (101.1±12.1 ng·h·mL -1 ). These results showed CTS absorption was enhanced significantly by employing the SLN formulations.
In this study, an interesting result is that SLN formulations containing SD improve the absorption when compared with SLNs without SD. The differences in the pharmacokinetic profiles exhibited in Figs. 4 and 5 are impressive because these SLNs differ only in the content of SD (0% vs. 0.5%, 1.0%), respectively. The SLNs (with SD) resulted in a relatively very high Cmax and oral bioavailability (Table III) . This result suggests that incorporation of SD in the SLNs can result in enhanced bioavailability.
DISCUSSION
SLNs may improve the oral bioavailability of poorly soluble drugs by a number of possible mechanisms. SLNs can increase the solubilization capacity of drug in the GI tract and blood; the apparent drug concentration in the SLNs was far higher than the aqueous solubility of CTS. So, in SLNs drug existed in a supersaturatable state, which is thermodynamically stable and no drug crystallized out of the dispersion during storage. The increased CTS concentration increases drug absorption from the GI tract. While with CTS in suspension, we predicted that the drug might precipitate at the gut wall after administration and thus result in a reduced oral absorption.
The surfactants used in SLNs, such as Tween 80 and SD, also have contributed to both stability and improved bioavailability to SLNs as permeability enhancers. They could increase the permeability of the intestinal membrane, reduce the activity of intestinal efflux transporters, and the P glycoprotein efflux pump. Intestinal drug efflux by P glycoprotein and other transporters is widely recognized as a major determinant for low or variable oral absorption and bioavailability (25) .
The decreased first-pass metabolism of CTS is considered another factor for its low oral bioavailability. In this study, an interesting result is that SLNs change the metabolism behavior of CTS. It was proved that CTS could be metabolized to tanshinone IIA in vivo (20) . In this study, when CTS was orally administrated to rats, tanshinone IIA was also found in the plasma. The tanshinone IIA pharmacokinetics found in CTS-SLNs and CTS-suspension was CTS cryptotanshinone, GMS-SLNs glyceryl monostearate-solid lipid nanoparticles, CP-SLNs Compritol 888 ATO-solid lipid nanoparticles, Cmax peak concentration, Tmax time of peak concentration, MRT mean residence time, Ke apparent elimination rate constant, Fr relative bioavailability significantly different. The Cmax of tanshinone IIA in suspension was about 2.5 times higher than those found in GMS-SLNs and CP-SLNs, and the AUC was about two times higher (Table IV) . So, we could conclude that the low oral bioavailability of CTS is due in part to a high first-pass metabolism that happens in the liver and intestine. The decreased metabolism of CTS to tanshinone IIA may be attributed to the protection of the drug from metabolism by embedding the drug into a solid lipid matrix or the interference with intestinal efflux thereby delaying the in vivo metabolism and improving oral bioavailability.
CONCLUSIONS
In the present study, CTS-SLNs were successfully prepared by an ultrasonic and high-pressure homogenization method using different lipids. The CTS-SLNs were spherically shaped when observed under TEM. The mean diameters and zeta potential of GMS-SLNs and CP-SLNs were 121.4± 6.3 nm, 137.5±7.1 nm, and −25.2±1.3 mV, −27.6±1.2 mV, respectively. The in vivo study indicated that SLNs change the metabolism behavior of CTS to tanshinone IIA and the bioavailability of CTS was significantly enhanced by incorporation into SLNs as compared with that in suspension. SLNs are useful in enhancing the oral bioavailability of poorly soluble drugs.
